In the presence of condensing agents such as non-adsorbing polymer, multivalent counter ions and specific bundling proteins chiral biopolymers typically form bundles with a finite thickness rather than phase separating into a polymer rich phase 1-5 .
maintain cellular integrity. The appearance of parallel F-actin bundles is tightly controlled by a myriad of actin binding proteins (ABPs). Moreover, cytoskeletal processes that involve Factin bundles typically all employ their own complements of multiple ABPs 7 . Although this is probably at least partly related to the specific mechanical requirements of the different structures 8, 9 , the well defined length, thickness and organization of the various cytoskeletal Factin bundles might necessitate the use of a combination of different ABPs. Loss of one of the ABPs typically affect either the organization or the thickness of the bundles 7, [10] [11] [12] , mutations often result in diseases 13, 14 .
In vitro reconstituted F-actin bundles also form ordered bundles of sizes comparable to those is found in vivo. In the presence of non-adsorbing polymer and/or multivalent counterions charged biopolymers such as F-actin, microtubules, or DNA generally form an equilibrium phase of bundles with a well defined thickness [1] [2] [3] [4] [5] [15] [16] [17] . The stabilization mechanism of these bundles is proposed to be similar to that of equilibrium colloidal clusters 18, 19 ; steric and short range electrostatic interactions or frustration within the bundles prevent charge neutralization and limit the equilibrium bundle size 6 . Although there are indications that, in vitro, the diameter of ABP/F-actin bundles is well defined, reconstructed ABP/actin bundles are typically embedded in a continuous isotropic background network which has prevented a clear description or quantitative analysis [20] [21] [22] . The ABP fascin organizes actin filaments into a cross-linked network of bundles in which no single filaments can be observed 23 . This makes reconstituted F-actin/fascin system ideally suited to resolve the mechanism underlying the finite size of F-actin/ABP bundles.
Here we investigate the thickness and organization of actin filaments bundled by fascin and show that the helical structure of F-actin and the packing symmetry within the bundle are essential for the control of bundle thickness. F-actin/fascin bundles display a uniform thickness and are straight over long distances reflecting their high bending rigidity 8 .
The bundle thickness is independent of the actin concentration but depends exclusively on the molar ratio between bound fascin and G-actin R * . When the actin concentration is increased at constant R=1 a decrease of the mesh size rather than an increase in bundle diameter is observed (Fig. 1A, B) . The thickness of the F-actin/fascin bundles can be extracted from electron micrographs by fitting a Gaussian to the intensity profiles (Fig. 1C inset) CaCl 2 ) has therefore no influence on the maximum F-actin/fascin bundle thickness. As electrostatic repulsion between actin filaments is too short ranged to affect bundle assembly other mechanisms have to be responsible for preventing bundles from growing thicker.
To precisely quantify the finite and limited thickness of actin bundles a mesoscopic system is advantageous. The recently introduced emulsion droplet system seems extremely well suited for this purpose 26 . At small droplet diameters, D d , F-actin filaments bundle into a single ring in the presence of fascin 8 . With increasing droplet diameter this ring splits into two. In the largest droplets complicated structures are found ( Fig. 2A-C) . The total mass of Factin within a drop, or equivalently, its total length L, can be computed very precisely from the actin concentration and droplet diameter. Moreover, the bundle radius can be measured and for the case of a single ring the number of filaments n f in the bundle can be deduced. We observe that a confined single bundle does not become thicker than ~20 filaments (Fig. 2E ).
Instead of growing thicker rings, filaments rather organize into more bundles upon increasing droplet diameter or actin concentration.
TEM micrographs of adsorbed actin rings extracted from emulsion droplets show closely packed F-actin/fascin bundles with a typical diameter of 5-6 filaments ( Fig. 2D ).
Considering the expected hexagonal packing 27 , this is in excellent agreement with the ~20 and q 21 =√7q 10 peaks characteristic of hexagonal packing, the convolution of the hexagonal bundle structure and the helical F-actin structure results in additional peaks that appear along q z (Fig. 3C ). In the absence of fascin the actin filament displays a -13/6 symmetry characterized by diffraction peaks at 1.14 and 1.25 nm -1 . These peaks correspond to the 6th and 7th layer lines (n=1 and n=-1 Bessel functions) which are much more intense than the other layer lines and dominate the diffraction pattern of partially aligned F-actin. The position of these peaks gradually shifts with increasing fascin concentration until at R=0.3-0.4 the convolution of the helical F-actin structure and the hexagonal bundle structure results in peaks at 1.20, 1.35 and 1.46 nm -1 (Fig. 3C) . The corresponding maximum overtwist of ~0.9° per actin monomer agrees with the overtwist observed for F-actin/espin bundles 28 .
The energetic cost involved in overtwisting F-actin will have to be provided for by The original -13/6 helical symmetry of individual actin filaments is apparently not ideally suited for hexagonal packing 2, 27 . To fit the filaments on a hexagonal lattice ABPs have to twist or locally stretch the F-actin. The -28/13 symmetry observed for the saturated Factin/fascin bundles is still suboptimal for hexagonal packing and bundle thickness is therefore limited. Growing thicker bundle would require more filament torsion and hence more fascin. The number of fascin binding sites along an actin filament is however limited which prevents the bundles from growing beyond ~20 filaments.
It thus seems that nature deliberately chose to have a mismatch between the pitch of individual helical polymers and the optimum value required for hexagonal packing in order to implement an intrinsic limit to bundle growth. Moreover, the helical structure of actin filaments is affected by several ABPs [27] [28] [29] [30] suggesting that this conformational variability of Factin is exploited in many cytoskeletal processes. By adapting the twist, tilt, and rotation of actin filaments in the acrosomal bundle, the ABP scruin is thought to store energy in the actin helix that can subsequently be used in the acrosomal process 29, 31 . Similarly, the variable twist of the actin filament may be utilized by nature to regulate the often well defined thickness observed for F-actin bundles found in microvilli, filopodia and stereocilia. The control of bundle thickness by the helical twist and packing constraints gives an alternative explanation for the use of multiple ABPs in one bundle. Since fascin gives rise to well organized but rather thin bundles additional ABPs might be required to link these bundles in larger structures as was observed in Drosophila bristles 10 .
In conclusion we have shown that the geometric constraints imposed by the helical structure of actin filaments are exploited to tightly control bundle thickness. The balance between mechanical twisting energy costs and gains in binding energy regulates actin bundle formation and growth. Instead of twisting the filaments in the bundle, mechanical strain involved in bundling chiral polymers can in principle also result in a supertwist of the bundles affecting the resulting functional structures 32, 33 . The supercoiling observed for filamin/actin bundle rings in vesicles might be a first indication that there are indeed some ABPs that supertwist the whole bundle rather than overtwist the individual filaments 34 . By using chiral biopolymers, cells create the opportunity to exploit a sensitive balance of mechanical and biochemical means to control the thickness of F-actin bundles.
Methods
Lyophilized G-actin from rabit skeletal muscle 35 was dissolved in deionized water, dialyzed against G-buffer (2mM Tris, 0.2mM ATP, 0.2mM CaCl 2 , 0.2mM DTT and 0.005% NaN 3 , pH 8), stored at 4°C and used within seven days after preparation. Recombinant human fascin was expressed in Escherichia coli BL21-codon+ bacteria as described before 8, 36 . Factin/fascin networks were constructed by polymerizing G-actin in the presence of fascin in Fbuffer (2mM Tris, 0.5mM ATP, 0.2mM CaCl 2 , 2mM MgCl 2 , 100mM KCl, 0.2mM DTT, pH 7.5) at 20 °C. To visualize the network, F-actin filaments were fluorescently labeled using TRITC-phalloidin. Emulsion droplets containing F-actin/fascin bundles were prepared as described before 8, 26 . Samples for transmission electron microscopy (Philips EM400T) were adsorbed to glow-discharged carbon-coated formvar films on copper grids and negatively stained with 0.8% uranyl acetate, excess liquid was drained with filter paper. To be able to compare experiments performed at different actin concentrations the molar ratio, R, between fascin and actin, R =c f /c a was translated into an effective R * , assuming an equilibrium dissociation constant K d =0.5μM and R*=R(c ABP /(K d +c ABP ).
Synchrotron small angle x-ray experiments have been performed on the ID-2 beamline at the ESRF Grenoble, France. For these experiments F-actin/fascin networks were polymerized in 1.5 mm quartz capillaries at actin concentrations between 0.8 and 5 mg/ml.
These samples showed powder scattering, to be able to discern correlations between different directions the actin bundles were partially aligned using a flow cell. The scattering was done at 12.46 keV and a sample to-detector distance of 1m. Scans were performed for 0.5-6 seconds, over this time no radiation damage was observed. The diffraction data were analyzed using EDF-plot 37 . Figures   Fig. 1 (A, B These samples showed powder scattering and images were therefore averaged over 360°. To be able to discern correlations between different directions the actin bundles were partially aligned using a flow cell. The scattering was done at 12.46 keV and a sample to-detector distance of 1 m. Scans were performed for 0.5-6 seconds, over this time no radiation damage was observed. The diffraction data were analysed using EDF-plot 5 .
Bundle Geometry
A geometrical argument demonstrates why the bundles do not grow thicker than 20 filaments.
In a system with a given total amount of actin only a limited number of bundles consisting of n f filaments can be obtained. The amount of fascin that can bind to a filament is limited, an actin filament with 6 fascin binding sites consists of approximately 13 actin monomers.
Assuming that all bundles have the same thickness and all binding sites are occupied, the number of filaments in one bundle, n f is determined by the ratio between the total number of cross-linker (Fig. 1C) has to be translated into a R(n f ). To obtain R(n f ) it is assumed that D~n f 1/2 and that the maximum bundle thickness observed in bulk networks is ~20 filaments as observed in confinement (Fig. 2E) . Interestingly, for bundles with n f <20 not all possible crosslinker binding sites are occupied, while the maximum size observed experimentally agrees with full occupation of all possible binding sites.
